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ABSTRACT 
Following a review of previous research, an analytical In- 
vestigation of the fatigue strength of discontinuous backup bar 
details is presented. Analytical fatigue life estimates, based on 
finite element analysis of stress concentration and fracture mech- 
anics principles, are presented for seven typical discontinuous 
backup bar details. A detailed description of the finite eleaent 
analysis of stress concentration and the process of analytical fa- 
tigue life estimation is included. 
For a nominal stress range of 69 MPa (10 ksi) at the dis- 
continuous backup bar details, the fatigue life estimates range 
from 0.11 million cycles to 1.91 million cycles with a mean of 
1.15 million cycles.  The analytical fatigue life estimates exhi- 
bit-reasonable agreement with the results of previous research. 
Based on the analytical fatigue life estimates the approxi- 
mate lower boand fatigue strength for the details under study cor- 
responds to a cycle life of 2 million cycles at a nominal stress 
range of 47 MPa (6.8 ksi). This falls below the corresponding 
lower bound for AASHTO Category E details. 
Comparison of the analytical fatigue life estimates permits 
the preliminary evaluation of the effects of various detail para- 
meters on the fatigue strength of discontinuous backup bar details. 
These detail parameters include the backup bar orientation, the 
-1- 
c* 
tack weld placement, the degree of penetration of the web-to-flange 
weld, and the size of the backup bar relative to the thicknesses 
of the web and flange. 
■* 
The report closes with a summary and recommendations for 
future study. 
"S •I 
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INTRODUCTION 
1.1 Background 
Field studies have shown that a number of steel bridges 
have suffered severe damage due to fatigue crack growth at 
12 3 
welded details. ' '  Yet as traffic volumes and gross1 vehicle 
weights on the nation's highways increase annually, the problem1 
of fatigue of welded steel bridges becomes more and more serious. 
Accordingly, the fatigue of welded steel bridges is the subject of 
5 6 7 8 9 
extensive structural research. ' ' ' ' 
The revised specifications for the fatigue of steel 
bridges contained in the 1974 Interim AASHTO Specifications ,10 
are the product of a continuing research effort at Lehigh Univer- 
sity and other institutions.  The foundation of the revised 
fatigue specifications is a system of detail categories which 
classifies standard bridge details as Category A, B, C, D, E, or 
F details. Table 1 gives examples of details typical of each 
detail category.  Associated with each detail category is a 
design curve relating the nominal stress range at the detail, S , 
to the cycles to failure of the detail, N-.  The design S -N„ 
* r f 
curves for AASHTO detail Categories A through £  are shown in 
Fig. 1. 
Since the establishment of the AASHTO detail classifica- 
tion system, further research on the fatigue of welded steel 
-3- 
bridges has centered on improving the detail classification system 
and extending the detail categories to include details which have 
not yet been classified.   Ideally, the classification of a par- 
ticular bridge detail is based on extensive experimental and 
analytical study. However, the time and expense involved in an 
experimental study of the fatigue of a welded structural detail 
makes exhaustive experimental study impossible. Therefore, the 
appropriate detail category for a particular detail must often 
be established on the basis of analytical fatigue life estimates 
which may be verified by later experimental study.  Recent 
advances in the field of fracture mechanics, particularly as 
applied to fatigue, have made such analytical fatigue life esti- 
mates possible.  >        '      ■ 
One detail which is not presently included in the AASHTO 
detail classification system is the backup bar detail shown in 
Fig. 2.  This detail is usually found in box girder bridges at 
the juncture of the web and flange. Fabricators often prefer to 
make,the web-to-flange weld from the exterior of the box girder 
due to the difficulty of access to the interior.  If full pene- 
tration is required at the web-to-flange weld, a backup bar is 
13 
necessary to control the welding arc. 
The provisions of the American Welding Society (AWS) 
Structural Welding Code suggest that this backup bar be continuous 
throughout the length of the member.  If the backup bar is not 
continuous, the AWS Code requires the backup bar discontinuity to 
be gouged out and butt welded, effectively making the backup bar 
13 
continuous.   However, field inspection of several box girder 
bridges has revealed that these provisions are not always carried 
14 
out.   During fabrication, the backup bar is often cut into 
lengths that can be handled readily.  Then, as fabrication pro- 
ceeds along the length of the member, the pieces of the backup 
bar are fitted up against oneianother, but the required butt 
welds are not made. 
Intuitively from the fracture mechanics point of view on 
fatigue, the backup bar discontinuity acts as a large initial 
flaw oriented perpendicular to the primary tensile stress caused 
by bending.  The backup bar discontinuity, therefore, is expected 
to be a region of high stress concentration and very low fatigue 
strength. To date, very little experimental or analytical data 
on the fatigue strength of discontinuous backup bar details is 
available. 
1.2 Objectives and Scope 
""~Y~     ■■      • 
An analytical investigation of the fatigue strength of 
discontinuous backup bar details is presented.  The immediate 
objective of this investigation is to obtain analytical fatigue 
life estimates for selected discontinuous backup bar details. 
These fatigue life estimates aVe based on the fracture mechanics 
approach to fatigue crack growth. 
As explained more fully in Art. 4.1 and-4.2.6 the stress 
concentration factor (SCF) and the stress concentration decay at 
the backup bar discontinuity must be known in order to obtain an 
analytical fatigue life estimate. Due to the geometric complexity 
of discontinuous backup bar details, finite element analysis is 
the only feasible means of obtaining the required information on 
stress concentration at the backup bar discontinuity. Finite 
element analysis of stress concentration at structural details 
is expensive and time-consuming, therefore, the number of details 
to be studied must be limited. 
Analytical fatigue life estimates are presented for seven 
discontinuous backup bar details, shown in Fig. 3. Although the 
analysis of seven details does not constitute an exhaustive para- 
metric study, the choice of details for study may permit an 
evaluation of the qualitative effect of several detail parameters 
on the fatigue strength of discontinuous backup bar details. 
These parameters include: 
0 
a) backup bar orientation 
b) tack weld placement 
c) degree of penetration of the web-to-flange weld, arid 
d) backup bar size relative to the thicknesses of the web 
and flange. 
Therefore, this investigation has two broader objectives 
beyond obtaining analytical fatigue life estimates for any par- 
ticular discontinuous backup bar details.  The first objective is 
-6- 
to relate the fatigue strength of discontinuous backup bar details 
to the current AASHTO detail classification system and establish 
an appropriate detail category. ' The second objective is to iden- 
tify the qualitative effects of the above parameters in 'the hope 
of assisting further research into the fatigue strength of discon- 
tinuous backup bar details. 
1.3 Review of Previous Research 
One of the difficulties involved in surveying the results 
of fatigue research is the differing statistical connotations of 
the reported S, -Nf failure curves.  The AASHTO S -Nf design curves 
represent a 95% confidence limit of 95% survival for each detail 
4 
category.   By contrast, S -Nf curves derived from the results of 
most experimental fatigue research are mean failure lines.  Ob- 
viously, direct comparisons of S -Nf curves representing different 
statistical levels of confidence of survival are essentially 
meaningless. 
In order to avoid this difficulty a consistent basis for the 
comparison of the fatigue strengths reported in the following 
review of previous research should be adopted. Unless otherwise 
stated all subsequent S -Nf curves represent mean failure lines 
and all comparisons of fatigue strengths are made on this basis. 
As noted in Art. 1.1, very little experimental or analyti- 
cal data is available on the fatigue strength of discontinuous 
-7- 
backup bar details.  Only five previous studies are of particular 
interest to this investigation. 
The first study to be considered is the extensive research 
into the fatigue of welded details directed by Fisher. ' '   This 
research is the basis of the current AASHTO detail classification 
system. Although discontinuous backup bar details have not been 
explicitly assigned to any AASHTO detail category, it is enlight- 
ening to relate the backup bar detail to a broad class of details, 
* 
known as long attachments.  A long attachment is a detail which 
has a length, L, in the direction of the primary stress such that: 
L > 100 mm (4 in.)  or (1-1) 
L > 12 t (1-2) 
where t is the thickness of the plate,to which the detail is 
welded. j - 
Close examination of the discontinuous backup bar detail 
indicates that it is analogous to a long coverplate without 
transverse end welds as shown in Fig. 4.  The termination of the 
longitudinal fillet weld is classified as a Category E detail, the 
most severe detail category.  The S -N,- design curve for AASHTO 
r
 
f ♦ 
Category E details is^sfaown in Fig. 5.  The design curve repre- 
sents a statistical lower bbund on the fatigue life of Category E 
4 details, assuring 95% confidence of 95% survival.  Also shown in 
Fig. 5 is the mean failure line for a series of fatigue tests of 
100 beam specimens which had coverplates without transverse end 
welds. 
-8- 
The primary difference between the discontinuous backup 
bar detail and the longitudinal weld termination shown in Fig. 4 
lies in the abrupt disruption of the stress flow past the backup 
bar discontinuity. Although both details theoretically represent 
points of elastic stress singularity, the weld profile at the 
longitudinal weld termination normally exhibits a transition 
characterized by the weld toe angle, 9 (Fig. 4). A study of 
fillet welded details by Frank showed that stress concentration 
increases and the fatigue life decreases as 9 increases.   By 
analogy, the weld toe angle at the backup bar discontinuity is 
effectively rr/2 radians. Therefore, it seems reasonable to assume 
that the mean failure line for long coverplates without trans- 
verse end welds is an upper bound on the mean failure line for 
discontinuous backup bar details. 
The second study of interest is an experimental study by 
Gurney on the fatigue strength of longitudinal groove welds. 
One series of specimens was fabricated with a discontinuous backup 
bar.  These specimens exhibited very low fatigue strengths.  The 
reported mean failure line, shown in Fig. 5, indicates that a 
nominal stress range of 51 MPa (7.4^ksi) will produce a fatigue 
life of 2 million cycles. 
The third study of interest is a preliminary, analytical 
investigation of the fatigue strength of a discontinuous backup 
bar detail.  In Ref. 14 Inukai presents an analytical fatigue life 
estimate for Detail 7 (Fig. 3) based on fracture mechanics 
principles.  Using an assumed SCF from Ref. 18 and an assumed 
stress concentration decay polynomial from Ref. 11, Inukai approx- 
imated the range of the stress intensity, AK, as a function of 
crack length at the backup bar discontinuity .*'Then, using the 
principles outlined in Art. 4.1, an analytical fatigue life 
estimate was obtained for Detail 7.  Reference 14 makes no mention 
of whether the resulting S -N-. curve, shown in Fig. 5, is a mean 
failure line or some statistical lower bound on the fatigue 
strength of the detail under study.  For the sake of comparison 
to the results of this investigation and the other research 
cited in this article, it is assumed the S -Nf curve shown in 
Fig. 5 is a mean failure line.  The fatigue life estimate 
obtained by Inukai, therefore, indicates that a nominal stress 
range of 52 MPa (7.6 ksi) will produce a mean fatigue life of 
14 
2 million cycles. 
The fourth study of interest is a' wide-ranging study of 
7 8 9 
the fatigue of curved steel bridge elements. ' '  The experi- 
mental phase of this investigation included the fatigue testing 
of large-scale, curved box girder assemblies.  One of the box 
girder assemblies contained four full-sizeidiscontinuous backup 
bar details corresponding to Detail 6 of this investigation 
(Fig. 3).  The observed mean failure line shown in,Fig. 5 
/ 
indicates that a stress range of 51 MPa (7.3 ksi) ^Jill produce 
9 
a mean fatigue life of 2 million cycles. 
■10- 
The final study of interest is a pilot investigation of 
18 
stre'ss concentration at discontinuous backup bar details.   The 
SCF and the stress concentration decay at the backup bar discon- 
tinuity were determined by finite element analysis of Details 1 
and 3 (Fig. 3). The results of that study are incorporated into 
this investigation in Chap. 3. 
1.4 Research Approach 
This investigation of the fatigue strength of discontin- 
uous backup bar details consists of four major stages.  The first 
stage, the selection of details for study, is described in Chap. 
2.  The second stage consists of the finite element analysis of 
stress concentration at the details chosen for study as explained 
in Chap. 3.  Third, using the information on stress concentration 
obtained in the second stage, analytical fatigue life estimates 
based on fracture mechanics principles are obtained as described 
in Chap. 4.  Finally, comparison of the above fatigue life es- 
timates to the limited analytical and experimental data available 
(Art. 1.3) is-.used to evaluate the validity of the fatigue 
life estimates.  Determination of the qualitative effects of 
several detail parameters on the fatigue strength of discontin- 
uous backup bar details is accomplished by further comparison of 
the above fatigue life estimates. 
The report closes with conclusions and recommendations for 
further study. 
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2.  SELECTION OF DETAILS 
Great care should be exercised in the selection of details 
for study in an analytical investigation of the fatigue strength 
of discontinuous backup bar details.  In order for the results 
of the investigation to be of practical value, the details chosen 
for study should be typical of discontinuous backup bar details 
found in service. Pursuit of this objective is complicated by 
the fact that the backup bar detail is a secondary design item 
and is rarely fully detailed on design drawings.  The selection 
of details for analysis is based upon a survey of^available 
design drawings  and information obtained from field studies 
of existing box girder bridges.  '   The details chosen ^br 
study are shown in Fig. 3. 
Details 1 through 4 are typical of large, long-span box 
girder bridges.  The pertinent detail dimensions are as shown in 
Fig. 3.  All four details are assumed to have full penetration 
groove welds at the web-to-flange juncture.  Close inspection 
of Fig. 3 shows that Details 1 through 4 differ only in the 
orientation of the backup bar and the placement of the tack weld. 
In Details 1 and 2 the backup bar is oriented vertically.  The 
backup bar is oriented horizontally in Details 3 and 4.  The 
backup bar is tack welded to the bottom flange in Details 2 and 
4. The tack weld is assumed to be continuous across the backup 
-12- 
bar discontinuity.  No tack weld is indicated in the sections of 
details 1 and 3.  This need not imply the complete absence cJf any 
tack weld ^>f the backup bar to the bottom flange.  It is more 
reasonable to consider Details 1 and 3 as discontinuous backup 
bar details in which the tack welds are remote from the backup 
bar discontinuity.  In this case the tack welds have no signifi- 
cant effect on stress concentration at the backup bar discontin- 
uity. 
Details 5 and 6 are typical of box girder bridges of 
moderate span lengths.  The detail dimensions are as shown in 
Fig. 3.  Details 5 and 6 are identical with the exception of the 
degree of penetration of the web-to-flange groove weld.  Detail 
5, exhibiting full penetration of the web-to-flange groove weld, 
is the discontinuous backup bar detail that was to be tested in 
the experimental program reported in Ref. 9.  However, examina- 
tion of the crack surface after fatigue testing revealed that 
the web-to-flange groove weld did not penetrate to the backup 
9 bar due to improper weld preparation. Detail 6 reflects this 
lack of penetration of the web-to-flange weld. 
Detail 7 is an actual detail in service on a box girder 
14 bridge that was the subject of a recent field study.    The 
detail dimensions are as shown in Fig. 3.  The web-to-flange 
groove weld is assumed to..be a full penetration weld. 
■13- 
3.  FINITE ELEMENT ANALYSIS OF STRESS CONCENTRATION 
Stress concentration plays a major role in the fatigue 
of welded details.  In order to obtain an analytical fatigue 
life estimate for a welded structural detail, the stress concen- 
tration factor (SCF) and the stress concentration decay at the 
detail must be known.  Closed-form solutions for the SCF and 
stress concentration decay are available only for very simple 
geometries,  because of the complex, three-dimensional redistri- 
bution of stress that takes place at the backup bar discontin- 
uity, three-dimensional finite element analysis is the most 
feasible means, of obtaining the required information. 
One drawback of this approach is that the accuracy of 
finite element analysis suffers in regions of high stress gra- 
dients.  Unfortunately, by the nature of stress concentration 
itself, the region of greatest interest is the region of the 
highest stress gradients.  It is possible to improve the accuracy 
of finite element analysis by increasing the fineness of the 
discretization in regions of high stress gradients. However, 
the consequent increase in the degrees of freedom of the finite 
element model causes the cost of computer solution to increase 
.   ,  21,22,23 
sharply.  '  ' 
An additional constraint makes the problem even more 
difficult.  The finite element discretization should extend 
-14- 
.*  far enough away from the region of maximum stress concentration 
to ensure that any anomalies caused by the Imposition of boundary 
I 
conditions do not affect the results, in the region of interest. 
Experience with the analysis of similar details has shown that 
the solution of a three-dimensional discretization that satis- 
fies the above constraints is usually prohibitively expensive. 
Fortunately, a reasonable alternative exists based on 
21 22 23 
substructuring techniques.  '  '   First, a relatively coarse, 
three-dimensional discretization is used to perform the gross 
mesh analysis (Art. 3.1J. The results of the''gross mesh analysis 
give a qualitative picture of stress concentration at the backup 
bar discontinuity and identify the regions of high stress concen- 
tration.  Then, the nodal displacements given by the gross mesh ^ 
analysis are imposed upon a planar substructure of the region 
of high stress concentration.  The discretization of the planar 
substructure is sufficiently fine to provide the required accur- 
acy in spite of the high stress gradients.  The analysis of the 
planar substructure is referred to as the fine mesh analysis   ' 
(Art. 3.2). ' 
This -substructuring approach to the analysis of stress 
concentration at welded details was used in a previous study    N 
11 
of fillet- and groove-welded details.   The results of that 
study demonstrated that this substructuring approach provides 
sufficient accuracy at a reasonable cost. 
/ 
-15- 
The details of the finite element analysis of stress 
concentration at the backup bar discontinuity are presented in 
the following articles. 
y 
0 
3.1 Gross Mesh Analysis 
3.1.1 Modeling 
The details under study are symmetric with respect to 
the plane containing the backup bar discontinuity as shown in 
Fig. 6.  If all nodal displacements are referenced to the nodal 
displacements at the backup bar discontinuity this symmetry can 
be used to simplify.the finite element analysis.  By imposing the 
A 
proper boundary conditions at the plane of symmetry, the gross 
mesh analysis can be reduced to the analysis of only one half 
22 
of the discontinuous backup bar detail. 
The discretizations used for the gross mesh analysis of 
Details 1 through 7 are shown in Figs. 7 through 13.  Taking 
advantage of the above-mentioned symmetry, each discretization 
represents only half of each detail.  For reference, the plane 
of symmetry is identified as Section A-A in the plan view of each 
discretization. 
There are approximately 500 nodes, 1450 degrees of freedom, 
J 
and 320 elements in each finite element discretization used in 
the gross mesh analysis.  The elements are the eight node 
solid brick elements available in SAP IV, a computer program 
24 for the finite element analysis of linear, elastic structures. 
-16r 
There are three elements along the assumed crack paths (Art. 
4.2.1) through the web and flange, and six elements through the 
half-length of the discretization.  It is important that the 
half-length of the discretization be sufficient to permit the 
complete redistribution of stress at the backup bar discontin- 
uity. The half-length required for an appropriate gross mesh 
analysis of discontinuous backup bar details is based on an 
analysis of an axially loaded cantilever plate by Zettlemoyer. 
It is difficult to quantify the fineness of the finite 
element discretization required for an appropriate gross mesh 
analysis. Decisions regarding the number of nodes and the number 
and size of the elements required are based largely upon exten- 
sive experience with the analysis of other details.x A previous 
study of stress concentration at coverplate and stiffener details 
served as the primary reference used in modeling the backup bar 
details,. 
An important consideration in determining the_appropriate 
mesh size is that the degree of accuracy of the finite element 
analysis should be comparable for all details studied. This 
implies a comparable degree of fineness should be adopted for 
all discretizations. Due to the differing detail geometries 
involved it is impossible to use the same discretization for all 
details studied, but^ insofar as possible, the discretizations 
are similar. 
17- 
The boundary and loading conditions used in the analysis 
of Detail 1 are shown in Fig. 14.  The boundary and loading 
conditions for Details 2 through 7 are similar.  The web and 
flange are assumed to restrain vertical and horizontal displace- 
ments, respectively. The assumption of symmetry about the plane 
of the backup bar discontinuity requires that the longitudinal 
displacements be stopped at the plane of symmetry.  However, 
the longitudinal displacement boundary conditions must be 
modified to model the backup bar discontinuity.  Obviously, the 
D 
longitudinal stresses, not displacements, are zero at the 
backup bar discontinuity.  Therefore, the nodal displacements 
at the discontinuity must be released as indicated in Fig. 15. 
The backup bar details are loaded by a uniform unit 
stress (Fig. 14), thereby simulating the longitudinal stresses 
due to bending.  The depth of the detail is assumed to be small 
relative to the depth of the member, therefore the bending stress 
gradient is neglected.  Applied shear stresses do not contribute 
25 to the Mode I crack opening displacements so they are neglected. 
Stress gradients due to shear lag and warping normal stresses 
are also considered negligible.  These simplifications of the 
loading conditions permit the SCF and stress concentration decay 
to be determined directly from the results of the finite element 
analysis. 
v 
•18- 
i 
3.1.2 Results 
Examination of the results of the gross mesh analyses 
shows that the entire periphery of the backup bar discontinuity 
is a region of high stress concentration.  The points of highest 
stress concentration are shown schematically in Fig. 16  For 
convenience, these points of high stress concentration are 
identified as Locations 1, 2, and 3 (Fig. 16). Location 1 
refers to the point at the backup bar discontinuity where 
the web-to-flange weld penetration connects the web and backup 
bar.  Location 2 refers to the point at the discontinuity 
where the web-to-flange weld penetration connects thfe flange and 
backup bar.  Location 3 is the point where the manual tack weld 
crosses the backup bar discontinuity.  Not all of these locations 
apply to every detail studied.  For example, Location 3 does 
not apply to Details 1 and 3, and Locations 1 and 2 do not apply 
to Detail 6.  However, the convention of referring to the points 
of' highest stress concentration as Locations 1, 2, and 3 is 
adopted for all details to simplify the discussion in the follow- 
ing articles. 
Table 2 presents the SCF at each applicable location 
for all details studied.  The SCF's given by the gross mesh 
analyses are not particularly meaningful, other than to demonstrate 
the high degree of stress concentration at the" backup bar dis- 
continuity.  The most important results of the gross mesh analyses 
are the nodal displacements which are used in the fine mesh analy- 
ses as explained in the following article. 
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3.2 Fine Mesh Analysis 
3.2.1 Modeling 
In modeling the backup bars for the fine mesh analysis 
it is important to consider the information required to perform 
the analytical fatigue life estimates. As explained in Art. 
4.2.6 the stress gradient correction, F , is dependent upon the 
SCF and the stress concentration decay along the assumed path 
of fatigue crack growth. 
The selection of the assumed crack paths is detailed in 
Art. 4.2.1.  At this point it is sufficient to say that Crack 
Paths 1, 2, and 3 originate at the points of high stress concen- 
tration designated Locations 1, 2, and 3 (Art. 3.1.2).  From 
these origins the assumed crack paths extend through the web 
or flange as shown schematically in Fig. 16.  In order to 
obtain the desired fatigue life estimates it is necessary to 
determine the SCF and the stress concentration decay along the 
11 26 
applicable assumed crack paths for each detail studied.  ' 
As noted earlier the fine mesh analysis of the regions 
of high stress concentration is based on a planar substructure 
of the discontinuous backup bar details. Although a three- 
dimensional substructure would be preferable, the expense of 
solving such a model that is sufficiently fine is prohibitive. 
Since the longitudinal bending stress predominates the stress 
field at the backup bar discontinuity, the error resulting the 
use of a planar substructure is expected to be small for the fine 
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mesh analysis of Crack Paths 1 and 2.  A potential difficulty 
arises in the fine mesh analysis of Crack Path 3. 
In the fine mesh analysis of Crack Paths 1 and 2 the 
planar substructure represents an infinitesimally thin slice 
of material bounded on all sides by the rest of the backup bar 
detail.  On the other hand, the planar substructure used for 
the fine mesh analysis of Crack Path 3 is only partially bounded 
by the rest of the detail. The tack weld is tapered toward the 
assumed fatigue crack origin. Assuming the planar substructure 
is of a unit thickness as in the fine mesh analysis of Crack 
Paths 1 and 2 will result in a model that is too stiff in the 
tack weld region.  Since the fine mesh is loaded by displacements 
given by the gross mesh analysis the degree of stress concentra- 
tion in the tack weld region is likely to be overestimated. 
This same difficulty was recognized by Zettlemoyer in his study 
of stress concentration at coverplates without transverse end 
welds.   The only proper way to deal with this problem is „ 
through the use of a three-dimensional substructure of the tack 
weld region. Such an undertaking is beyond the scope of this 
investigation.  In this investigation the fine mesh analysis of 
stress concentration along all assumed crack paths is based on 
a planar substructure of unit thickness.  This assumption may 
be grossly conservative for Crack Path 3. 
The differing detail geometries and assumed crack paths 
necessitated the development of five different fine mesh 
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discretizations.  The fine mesh discretizations are shown in 
Figs. 17 through 21. The location and orientation of each fine 
mesh discretization within the corresponding gross mesh discre- 
tization is also shown in Figs. 17 through 21. 
There are approximately 540 nodes, «990 degrees of freedom, 
and 450 elements in each fine mesh discretization.  The elements 
24 
are the plane stress quadrilaterals of SAP IV. 
The choice of plane stress versus plane strain is rather 
arbitrary. The stress conditions in the region of interest are 
expected to be intermediate to these two extremes as demonstrated 
by Zettlemoyer.   In any case, the differences between results 
based on the assumption of plane stress versus plane strain are 
very small. 
An important consideration in determining the element size 
for the fine mesh discretization is that the stress concentra- 
tion decay must be defined at a sufficient number of points to 
permit an accurate fatigue life estimate.  The usual criteria 
is that the element size in the region of highest stress concen- 
tration should be roughly equivalent to the assumed initial flaw 
size, a..   As explained in Art. 4.2.7 the assumed initial flaw 
size is 0.254 mm (0.010 in.) for all details studied.  The 
minimum element size ranges from 0.318 nun (0.013 in.) to 0.635 ram 
(0.025 in.). 
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The boundary and loading conditions for the fine mesh 
analyses are given by the nodal displacements from the gross mesh 
analyses. As indicated in Figs. 17 through 21 twelve nodes on 
the boundaries of the fine^raesh discretization correspond to 
nodes in the gross mesh discretization.  The displacements of 
these nodes are known from the gross mesh analyses.  The dis- 
placements for all other nodes on the boundary of the fine mesh 
discretization are estimated by linear interpolation between the 
nodes for which displacements are known.  These displacements, 
as known and interpolated from the results of the gross mesh 
analyses, are imposed upon the fine mesh discretizations (Figs. 
24 17 through 21) by the boundary elements available in SAP IV. 
Since the displacements used to load the planar substruc- 
ture are the displacements for a unit longitudinal stress the 
SCF and stress concentration decay for each detail studied are 
given directly by the results of the fine mesh analysis. 
3.2.2 Results 
Referring to the previous discussion of the locations of 
the points of highest stress concentration (Art. 3.1.2), Table 2 
presents the SCF at the locations applicable to each detail 
studied.  As in Art. 3.1.2, the resulting values of the SCF 
are not particularly meaningful by themselves.  The stress con- 
centration decay along the assumed crack paths must also be 
known in order to obtain the desired fatigue life estimates. 
-23-. 
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The stress concentration decay as a function of the 
distance from the crack origin is shown in Fig. 22 for all crack 
paths applicable to Detail 2.  The stress concentration decay 
curves are similar for all other details studied.  It is impor- 
tant to note that the stress concentration decay curve need not 
drop below 1.00 to provide equilibrium across the backup bar 
discontinuity.  The redistribution of stress at the backup bar 
discontinuity takes place on a three-dimensional basis that is 
not entirely reflected in the stress concentration decay along 
the assumed crack paths. 
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4.  ANALYTICAL FATIGUE LIFE ESTIMATES 
4.1 Basic Principles 
The basic principles of the fracture mechanics approach 
to fatigue crack growth and the application of those principles 
to this investigation are briefly explained below.  Readers 
seeking an exhaustive treatment of the fracture mechanics approach 
to fatigue crack growth are referred to any of a number of 
-1 v-.  . ..   A       c +u u-    - 11,12,25,27,28,29,30 available texts and references on the subject.  »»»»>» 
Paris observed that the rate of fatigue crack growth, 
da/dN, is related to the range of the stress intensity, AK, by: 
f§ = C(AK)n (4-1) 
where C and n are empirical constants for the given material 
31 
and environmental conditions.   Although Eq. 4-1 is strictly 
ah empirical relationship, it has been shown to model fatigue 
crack growth very satisfactorily for moderate rates of fatigue 
-3 32 
crack growth (da/dN < 2.5 * 10  mm/cycle). 
The number of cycles, N, required for fatigue crack growth 
from an initial flaw size, a., to some final flaw size, a , can 
be determined by rearranging and integrating Eq. 4-1: 
N=^ 
,
3f 
ai 
da (4-2) 
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The range of the stress intensity, AK, is rarely known as a 
continuous function of the crack length, a, therefore the inte- 
gration indicated in Eq. 4-2 is often approximated by the numer- 
ical integration: 
m 
C
 
L
      /Air. ^   J 
(4-3) 
. , (AK.) 
J-l   J 
Since AK varies over the crack length increment, Aa., the accuracy 
of the numerical integration (Eq. 4-3) can be improved by inte- 
grating 1/(AK) between the limits of each increment of crack 
length and summing the results for all increments.  This latter 
approach, using a 32-point Gaussian quadrature over each increment 
of crack length, is employed for all fatigue life estimates in 
this investigation. 
Regardless of the scheme used to evaluate Eq. 4-2 or 4-3, 
AK must be known either as a continuous function of the crack 
length, a, or for a series of crack sizes representing successive 
increments of fatigue, crack growth'. 
The range in the stress intensity, AK, as a function of 
crack length, a, is well known for the special case of a through 
crack in an infinite plate under uniform tension.  The relation- 
ship is: 
AK = syrra (4-4) 
31 
where S  is the nominal stress range.   Obviously, this special 
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case is not particularly useful for the fatigue analysis of 
welded bridge details. 
The addition of appropriate, superimposed correction 
factors to Eq. 4-4 provides an expression that is sufficiently 
general to permit its application to the fatigue analysis of 
actual welded bridge details.  In general, for a crack of a 
given length, a, the range of the stress intensity, AK, is given 
by: 
AK = F * F * F * F * F * S ./ra (4-5) 
eswpgr 
where F , F , F , F , and F are individual, superimposed correc- •• e  s  w  p      g >   r   r 
tion factors that reflect the effects of the crack shape, the 
front free surface, the back free surface, the crack tip plastic 
zone size, and the stress gradient along the crack path, respec- 
...  ,  11,28,29 tively. 
The primary difficulty in making accurate analytical fatigue 
life estimates lies in determining appropriate values for the 
individual correction factors (Eq. 4-5).  Solutions for these 
correction factors are available for many simple, idealized cases. 
When dealing with actual welded bridge details, however, it is 
necessary to approximate the individual correction factors based 
on appropriate reference to the known solutions for simpler 
28,29- ^ 
cases. 
\ 
i 
In this investigation, common approximations for the crack 
shape correction factor, F , the front free surface correction 
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factor, F , the back free surface correction factor. F , and the 
s ' w 
plastic zone size correction factor, F , are used in the deter- 
P 
mination of AK for successive increments of fatigue crack growth. 
These approximations and the corollary assumptions are detailed 
in Art. 4.2.2 through 4.2.5. Similar solutions for the stress 
gradient correction factor, F , which are applicable to the details 
O 
under study do not exist. 
In the case of discontinuous backilp bar details, the F 
g 
correction reflects the effects of stress concentration at the 
backup bar discontinuity.on the range of the stress intensity, 
AK.  The primary purpose of the finite element analysis of stress 
concentration at the backup bar discontinuity is to obtain the 
information required to determine the F correction factor. 
8 
With the SCF and the stress concentration decay known for each 
detail (Chap. 3) the F correction can be determined by the 
26 Green's Function approach developed by Albrecht. 
Several^pther assumptions must be made prior to carrying 
out an analytical fatigue life estimate.  These assumptions 
include the selection of assumed crack paths, determination of . 
appropriate initial flaw sizes, selection of the empirical con- 
stants, C and n, in Eq. 4-1, and consideration of the effects 
of crack coalescence. Articles 4.2.1 and 4.2.7 through 4.2.9 
deal with the assumptions employed in this investigation with 
regard to the above factors. 
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4.2 Assumptions and Approximations 
4.2.1 Assumed Crack Paths 
One of the most basic assumptions involved in fatigue life 
estimation is that regarding the path along which the fatigue 
-crack grows.  Several factors affect the location of the origin 
of fatigue crack growth. Assuming a uniform distribution of 
initial flaw sizes throughout the detail, the predominant factor 
is stress.concentration. Typically, fatigue crack growth begins 
at points of high stress concentration and proceeds in a direction 
5 6 11 perpendicular to the maximum principal stress. ' * 
The finite element analyses presented in Chap.. 3 indicate 
that several points at the backup bar discontinuity exhibit a 
high degree of stress concentration (Fig. 16). Fatigue crack 
growth may begin at any or all of these points of high stress 
concentration. Additionally, fatigue crack growth from any one 
of these crack origins may govern the fatigue life of the 
detail.  Therefore, fatigue life estimates should be carried out 
for all potential crack paths. 
The crack paths shown schematically in Fig. 16 are assumed 
to represent the crack paths that are likely to govern the fatigue 
life of the details studied. Each of these assumed crack paths 
begins from a point of high stress concentration and extends 
directly through the thickness of the web or flange.  Fatigue 
crack growth is assumed to occur in the plane of the backup bar 
discontinuity.  In order to simplify the discussion in the 
-29- 
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following articles the assumed crack paths are designated Crack 
Paths 1, 2, and 3 as shown in Fig. 16. 
4.2.2 Crack Shape Correction, F 
One of the difficulties of evaluating Eq. 4-5 is that the 
various correction factors are not independent of one another. 
All of the individual correction factors, F , F , F , F , and F , 
e  s  v      p      g 
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areJ(tto differing degrees, dependent on the crack shape.  ' 
Therefore, it is first necessary to make several assumptions 
regarding the variation of the crack shape during fatigue crack 
growth. '"'": 
The variation of the crack shape during fatigue crack 
growth is generally characterized by the crack shape ratio, a/b. 
The crack shape ratio, a/b, is based on the assumption that fatigue 
cracks grow in a elliptical (or semielliptical) fashion.  The 
crack length, a, corresponds to the minor semidiameter of the 
elliptical crack. The dimension, b, is the major semidiameter 
as shown in Fig. 23. By means of the crack shape ratio, a/b, a 
broad range of crack shapes from circular cracks (a/b = 1.00) to 
through cracks (a/b = 0.00) may be accommodated. 
No information is available on the variation of the crack 
shape along the Crack Paths 1 and 2.  It is well recognized, how- 
ever, that an embedded crack in an infinite solid under uniform 
25 
tension tends toward a circular, or "penny", shape.   Experimental 
> 
observations of fatigue crack shape have shown that even in finite 
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solids, embedded cracks tend to grow in a penny-shaped fashion 
due to the elastic restraint of the material around 
the crack periphery.  Therefore, fatigue cracks growing along 
Crack Paths 1 and 2 are assumed to grow as semicircular surface 
flaws.  In other words, the crack shape ratio, a/b, equals 1.00 
for any crack length, a, along Crack Paths 1 and 2. 
A very limited amount of information is available on the 
crack shape variation along Crack Path 3.  Observation of fatigue 
crack growth at Detail 6 (Fig. 3) during the experimental program 
presented in Ref. 9 showed that cracks at the tack weld grow in a 
very flat shape. The average crack shape ratio, a/b, was estimated 
9 to be 0.50 at a crack length of 14.2 mm (0.56 in.).  This is 
reasonably close to the result given by the crack shape variation 
27 
equation presented by Maddox: 
'      b = 3.36 + 1.29 a (4-6a) 
b = 0.132 + 1.29 a (4-6b) 
Units of millimeters are associated with Eq. 4-6(a) whereas Eq. 
4-6(b) is expressed in inches.  The Maddox crack shape variation 
equation is based on an experimental study of fatigue crack growth 
27 
at the ends of long, narrow fillet-welded attachments.    By 
analogy to the details under study, Eq. 4-6 is assumed to charac- 
terize the variation of the crack shape for fatigue crack growth 
along Crack Path 3. 
\ 
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Based on the preceeding assumptions with regard to the 
crack shape variation, the crack shape correction factor, F , 
9 e 
33 is readily determined by: 
where k = 1 - (a/b)3 
E(k) = the complete elliptic integral of the second kind 
cp = the angle from the major axis of the ellipse to the 
point of interest. 
In this investigation, interest is limited to the minor axis 
end of the ellipse, therefore, cp equals rr/2.  In this case, Eq. 
4-7 reduces to: 
Fe = E^f <4"8> 
The.~nature of the elliptic integral is such that E(k) varies 
between the limits of 1.0 for k equals 1.0 td TT/2 for k equals 
zero.  Therefore, at cp equals TT/2 the crack shape correction 
factor, F , varies between the limits of 2/TT for a/b equals 1.0 
(circular crack) to 1.0 for a/b equals zero (through crack). 
4.2.3 Front Free Surface Correction, F 
  s, 
The front free surface correction factor, F accounts for 
s 
the amplification of the range of the stress intensity, AK, due 
N O 
to the presence of a free surface at the crack origin. A better 
t 
understanding of this effect can be obtained by reference to 
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Fig. 24.  Figure 24(a) shows a through crack in an infinite plate 
under uniform tension.  The range of the stress intensity, AK, for 
this configuration is given by Eq. 4-4.  Taking advantage of 
symmetry about an axis through the crack origin and perpendicular 
to the crack, it is clear that all displacements at the crack 
origin normal to the axis of symmetry are zero. However, if the 
plate is semi-infinite with the crack origin at the free edge 
as shown in Fig. 24(b), then the stresses normal to the free 
surface are zero.  This results in less restraint of the crack 
opening displacement and an increase in AK. 
The front free surface correction factor for the configura- 
29 
tion shown in Fig. 24(b) is 1.122.   Recent research has shown 
that the front free surface correction factor is dependent upon 
11 28 29 the crack shape and the degree of stress concentration.  '  ' 
29 
As demonstrated by Tada and Irwin  the front free surface 
correction varies from 1.122 for the configuration shown in Fig. 
24(b) to 1.00 for the case of a semicircular surface flaw in the 
edge of a semi-infinite plate under uniform tension.  Similarly, 
the front free surface correction factor varies from 1.122 for 
the configuration shown in Fig. 24(b) to 1.210 and 1.300 for the 
configurations shown in Figs. 25(a) and 25(b), respectively.  It 
is evident that the front free surface correction factor decreases 
as the crack shape ratio, a/b, increases, but F increases as the 
11,28 degree of stress concentration increases. 
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As explained in Aft. 4.2.2 fatigue crack growth along 
Crack Paths 1, 2, and 3 is assumed to take place in a semicircular 
or semielliptical shape. Also, as demonstrated in Chap. 3 a 
high degree of stress concentration occurs at the backup bar 
discontinuity.  In short, the effects of crack shape and stress 
concentration on the front free surface correction factor are, 
to some extent, self-compensating.   Therefore, the moderate 
value of 1.15 is adopted for the front free surface correction 
factor in all subsequent fatigue life estimates.  This approach 
26 29 is suggested by Albrecht  and Tada and Irwin  with the assurance 
that such an assumption will rarely be in error by as much as 5 
percent. 
4.2.4 Back Free Surface Correction, F 
  w 
Amplification of the range of stress intensity also occurs 
a's the crack approaches a back free surface.  The appropriate back 
free surface correction factor, F , differs slightly depending upon 
29 
the boundary conditions at the back free surface. 
If the displacements normal to the back free surface are 
zero as in Fig. 26(a) the back free surface correction factor is 
given by: 
F = ,/^tan ¥ (4-9) 
T.7     > I TT a        V f.7 x      ' w \'TTa 2w 
This formulation of-MF is commonly referred to as the tangent 
11 
correction. 
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If the stresses normal to the back free surface are zero 
as in Fig. 26(b), the back free surface correction factor, F , 
\ 
is given by: 
F = /sec^ (4-10) 
w  V  2w v 
This formulation of F is commonly referred to as the secant 
11 
correction. 
'"• \ 
The difference between the two forms of the back free 
surface correction factor is very small at small crack sizes 
where the vast majority of the fatigue life is consumed.  Indeed, 
the tangent and secant corrections are often used interchangeably. 
However, the secant correction (Eq. 4-10) is used in all subsequent 
fatigue life estimates.  This ^decision is based upon consideration 
of the boundary conditions at the back free surface of the details 
under study. 
The effect of local bending on the back free surface correc- 
tion factor noted by Zettlemoyer is neglected in this investigation. 
Such local bending is assumed to be restrained at the backup bar 
discontinuity by the perpendicular intersection of the web and 
flange plates. 
4.2.5 Plastic Zone Size Correction, F 
_   p 
34 27 Based on work by Irwin,  and Maddox,  Zettlemoyer 
demonstrates quite completely that the plastic zone size correction 
■35- 
factor, F , is negligible for most applications to fatigue.  In a 
study of the fatigue strength of coverplated beams with a range 
of yield strengths, the maximum difference in the fatigue life 
due to the plastic zone size correction was five percent. 
Therefore, the plastic zone size correction is considered negli- 
gible in this investigation.  The plastic zone size correction 
factor, F , is assumed to equal 1.00 £n all subsequent fatigue 
life estimates. 
4.2.6 Stress Gradient Correction, F 
  g 
The stress gradient correction factor, F , accounts for 
g 
the effects of nonuniform stress fields acting on the assumed 
crack plane.  The range of the stress intensity for a crack subject 
to an arbitrary stress field may be determined by superposition of 
n.   - i A 11,35,36,37 alternate load cases. 
Figure 27(a) shows a through crack in an infinite plate 
subject to an arbitrary stress field, Aa .  Alternately, the con- 
EL 
figuration shown in Fig. 27(a) may be constructed by superposition 
of the configurations shown in Figs. 27(b) and 27(c).  Therefore, 
the range of the stress intensity for the configuration shown in 
Fig. 27(a) is the sum of the range of stress intensity for the 
11 28 29 
configurations shown in Figs. 27(b) and 27(c).  '  ' 
:. The internal stress, Aa,, shown in Fig. 27(b) are the 
D 
stresses required to "hold the crack closed" under the action of 
the applied stresses, ACT .  The internal stresses, Aa , shown 
-36- 
in Fig. 27(c), are equal and opposite to ACT, .  Therefore, the 
internal stresses, ACT , are equal to the stresses acting on the 
assumed crack path in the uncracked body due to the action of the 
1 • ^ -     A  11,26,37 applied stress, ACT . 
The significance of this superposition approach lies in 
the fact that the range of the stress intensity associated with 
Fig. 27(b) is zero.  Therefore, the range of stress intensity is 
identical for the configurations shown in Figs. 27(a) and 
11 26 37 
27(c).  '  '   The range of the stress intensity for the confi- 
guration shown in Fig. 27(c) is readily determined through the 
28 29 
use of the appropriate Green's Function.  '   The same principles 
can be adopted in the development of the stress gradient correction 
factor, F .  It is only necessary to know the stress concentration 
along the assumed crack path in the uncracked body to determine 
F . 
Albrecht developed a formula for the stress gradient 
correction factor based on the Green's Function for a through 
crack in an infinite plate subject to symmetric pairs of concen- 
trated splitting forces.  Referring to Fig. 28(a) the stress 
gradient correction factor, F , for a through crack of length, a, 
is: 
pg " U 7^ dy <4-U) 
where y = the distance from the crack origin to a point on the 
-37- 
crack surface, and 
26 
K  = the stress concentration as a function of y. 
ty 
The stress concentration is rarely known as a continuous function, 
therefore, Eq. 4-11 is usually approximated as shown in Fig. 28(b), 
giving: 
m 
where K . <= the average stress concentration over the interval 
tj 
*      -      26 from yj to yj+r 
It should be noted that, strictly speaking, Eqs. 4-11 and 
o 
4-12 apply only to through ^cracks.  No consideration is given to 
the influence of crack shape on the stress gradient correction 
factor in the development of Eqs. 4-11 and 4-12.  Consideration 
of the available Green's Functions for circular cracks in infinite 
solids shows that the through crack formulation of F is the most 
severe case. However, the effect of crack shape on F is slight, 
and the through crack formulation shown in Eq. 4-12 is used in all 
fatigue life estimates in this investigation. 
4.2.7  Initial Flaw Size 
As demonstrated by Zettlemoyer, the assumption regarding 
the initial flaw size, a., is vi)tal to the validity of an analy- 
tical fatigue life estimate.   Unfortunately, there is virtually 
■38- 
no data available on the average initial flaw size at discontinuous 
backup bar details. 
r 
Several studies on the fatigue strength of welded details 
have established an expected range of initial flaw sizes from 0.025 
mm (0.001 inch) to 0.50 mm (0.02 inches).   The average initial 
flaw size is between 0.076 mm (0.003 inches) and 0.10 mm (0.004 
.  .  . 11,38,39 inches). 
The only available information bearing directly on the 
question of initial flaw sizes at discontinuous backup bar details 
is contained in Ref. 17.  In his discussion of the fatigue tests 
of a discontinuous backup bar detail (Fig. 6) Gurney observes tfrat 
some hot cracking occurred in every test specimen at the point 
where the automatic groove weld passed over the backup bar dis- 
continuity. 
r 
It seems reasonable to expect that any point where a weld 
crosses the backup bar discontinuity will exhibit larger than 
normal initial flaw sizes. Therefore, an initial flaw size near 
the upper limit of the typical range should be used for the 
analytical fatigue life estimates. An initial flaw size, a., of 
0.25 mm (0.01 inches) is assumed firs all fatigue life estimates 
in this investigation. 
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4.2.8 Constants in Crack Growth Rate Equation 
As noted in Art. 4.1 the constants, C and n, in Eq. 4-1 are 
empirical constants for the given material and environmental 
31 
conditions.   Several investigators have done considerable re- 
sear 
40 41 42 
ch to determine appropriate values of C and n.  *  *   The 
exponent n is generally taken as 3.0 and the coefficient C varies 
-13 -13 between 0.9 * 10   to 3.0 * 10   for da/dN in units of mm/cycle 
and AK in units of MPa/mm. The values of n equals 3.0 and C 
-13 
equals 1.21"* 10   are adopted in this investigation based on 
42 the work of Hirt and Fisher. 
4.2.9 Crack Coalescence 
As demonstrated by Zettlemoyer in Ref. 11 the variation 
of the crack shape is very sensitive to crack coalescence.  This 
effect has been observed experimentally,  primarily in details 
characterized by a number of points of high stress concentration. 
An example is a coverplate detail with a transverse-end weld.  The 
entire transverse fillet weld toe is a region of high stress 
concentration. Neglecting the effects of any stress range gra- 
dients, fatigue cracks originate at the fillet weld toe across the 
width of the flange.  These cracks grow simultaneously into the 
flange, coalescing into flat, shallow cracks as shown schematically 
in Fig. 29. 
As the cracks become flatter due to crack coalescence, the 
crack shape ratio, a/b, decreases, thereby causing the crack shape 
-40- 
and front free surface correction factors to increase.  Therefore, 
crack coalescence typically accelerates fatigue crack growth. 
The gross mesh analysis presented in Chap.^3 indicates the 
entire periphery of the backup bar discontinuity is a region of 
high stress concentration. Therefore, fatigue cracks may begin at 
a number of points around the backup bar discontinuity and proceed 
simultaneously through the web and/or flange.  Crack coalescence 
is likely to contribute to fatigue crack growth at discontinuous 
^ backup bar details. 
The complete lack of any experimental data, on the crack 
shape variation due to crack coalescence at discontinuous backup 
bar details prevents consideration of the effects of crack co- 
alescence in this investigation.  Fatigue cracks growing along 
each of the crack paths are assumed to do so independently of all 
other possible cracks at the detail under study.  This assumption, 
in contrast to the other assumptions presented, may be unconser- 
vative, but it is necessitated by the present state of knowledge 
on the subject. 
4.3 Results 
A summary of the fatigue life estimates obtained for the 
seven details under study is presented in Table 3.  All fatigue 
life estimates in Table 3 are expressed in millions of cycles and 
are based on a nominal stress range, S , of 69 MPa (10 ksi). 
Fatigue life estimates are presented for every assumed crack path 
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(Fig. 16) applicable to each detail under study. The cycle life 
designated N       is the number of cycles (in millions) required 
for the fatigue crack to penetrate the web or flange as appropriate 
for each assumed crack path. The cycle life designated N_ is 
the minimum N ,    , for each detail under study. Since the 
fatigue life remaining after the development of a through crack 
is usually negligible, '  it is reasonable to consider N_ the 
number of cycles to failure of the detail. 
The estimated cycles to failure for the details under 
study range from 0.11 million cycles for Detail 6 to 1.91 million 
cycles for Detail 7 with a mean value of 1.15 million cycles. 
Fatigue crack growth-*along assumed Crack Path 1 (Fig. 17) 
governs the fatigue life of Details 1 and 3, the only details 
without tack welds across the backup bar discontinuity.  Fatigue 
crack growth along Crack Path 2 does not govern the fatigue life 
of any detail under study.  Fatigue crack growth along Crack Path 
3 governs the fatigue life of all details for which it is appli- 
cable.  This is attributed in part to the inadequacy of the planar 
substructure in dealing with the three-dimensionality of the tack 
weld (Art. 3.2.1). The severity of fatigue crack growth along 
Crack Path 3 is also to be expected in light of the less favorable 
crack shape that is assumed for Crack Path 3 (Art. 4.1.2). 
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5.  DISCUSSION OF ANALYTICAL FATIGUE LIFE ESTIMATES 
5.1 Comparison to Previous Research 
Figure 30 shows a summary of the, results of previous 
research applicable to discontinuous backup bar details (Art. 1.3). 
The summary is in the form of a collection of mean failure lines 
on an S -N_ diagram. Also shown in Fig. 30 are seven points 
representing the analytical fatigue life estimates for Details 1 
through 7 (Table 3). 
It is not necessary to show the entire mean failure line 
K 
for each detail under study.  Due to the choice of the exponent, 
n (Art. 4.2.8), the mean failure lines for Details 1 through 7 
pass through the corresponding points, essentially parallel to the 
AASHTO Category E design curve (also shown in Fig. 30). 
In general, good agreement between the results of the pre- 
vious research and the results of the analytical fatigue life 
estimates is achieved.  The results of this investigation typically 
fall within the bounds of the mean failure lines of the previous 
investigations. The only serious discrepancy is that evidenced 
by Detail 6. 
The analytical fatigue life estimate for Detail 6 should 
be directly comparable to the mean failure line for the discon- 
tinuous backup bar details tested in Ref. 9 (Line a-a in Fig. 30). 
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Obviously, the discrepancy is quite large. The discrepancy is 
^attributed to two major factors. The first factor is the diffi- 
culty of modeling the backup bar details for the fine mesh analy- 
sis of stress concentration along Crack Path 3. As noted in Art. 
3.2.1 the planar substructure used for the fine mesh analysis of 
stress concentration is not entirely adequate to model the three- 
dimensional geometry and behavior of the tack weld region.  The 
inadequacy of the planar substructure is believed to be accentuated 
by the high degree of stress concentration present at the tack 
weld in Detail 6. The second factor is the possible influence of 
shear lag on the discontinuous backup bar detail tested in Ref. 9. 
In Detail 6 the tack weld is the only means by which the bending 
stress is transferred from the web-to-flange juncture into the 
backup bar. The tack weld is so small relative to the area of 
the backup bar that it seems quite possible for shear lag across 
the tack weld to prevent the complete development of the nominal 
stress range in the backup bar.  The life of the detail tested in 
Ref. 9 was, therefore, extended. However, in the finite element 
analysis of stress concentration (Chap. 3) a unit longitudinal 
stress is applied directly to the cross section of the detail 
discretization including the backup bar. Any reduction of the 
stress range in the backup bar due to shear lag is thereby avoided. 
Therefore, the fatigue life estimate for Detail 6 is very low 
compared to the fatigue life reported in Ref. 9. The shear lag 
difficulty is* not expected to be a significant factor in the 
analysis of the other details due to the presence of the 
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web-to-flange weld and different proportions of the backup bar 
size to the web and flange thicknesses. 
The only other results that are directly comparable are 
the fatigue life estimates for Detail 7 as obtained by this inves- 
tigation and as presented in Ref. 14.  Line b-b in Fig. 30 is 
the mean failure line given for Detail 7 in Ref. 14.  Comparison 
to the fatigue life estimate obtained by this investigation shows 
there is a significant discrepancy. However, an assumed SCF of 
approximately 4.0 was used in the fatigue life estimate presented 
in Ref. 14.  This value was based on the finite element analysis 
18 
of a detail similar to Details 1 and 3.   Finite element analysis 
of the actual detail (Detail 7) yields an SCF. of 2.85^  Therefore, 
the fatigue life estimate for Detail 7 given by this investigation 
is higher than that given by Ref. 14.  It is believed the higher 
fatigue life estimate is more appropriate. 
One final observation should be made with regard to the 
comparisons to previous research.  In Fig. 30 Line c-c is the 
mean failure line reported in Ref. 5 for the fatigue tests of 
100 beam specimens having coverplates without transverse end welds. 
Assuming this mean failure line is roughly equivalent to the mean 
failure line for AASHT0 Category E details, it is significant to 
note that the mean failure points for all but one of the details 
studied fall below Line c-c.  This implies that discontinuous 
backup bar details should be expected to exhibit lower fatigue 
strengths than AASHTO Category E details.  In light of this fact, 
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the most prudent approach seems to be that adopted by the AWS 
which prohibits the use of discontinuous backup bar details. 
However, if it is necessary to evaluate the fatigue strength of 
an existing discontinuous backup bar detail,a reasonable, rough 
approximation can be obtained from the fatigue life estimates 
presented in Table 3. Neglecting the fatigue life estimate for 
Detail 6 due to its grossly conservative discrepancy with experi- 
mental results, the 95 percent confidence limit for 95 percent 
survival of the details studied is approximated by the S -Nf 
43 
curve shown in Fig. 31.   The AASHTO Category E design curve is 
also shown for reference. 
5.2 Effects of Detail Parameters on Fatigue Strength 
The qualitative effects of four detail parameters on the 
fatigue strength of discontinuous backup bar details are to be 
determined.  The four detail parameters are: 
9 
a) backup bar orientation 
b) tack weld placement 
c) degree of penetration of the web-to-flange weld, and 
d) backup bar size relative to the thicknesses of the web 
and flange. 
The difficulty in attempting to determine the effects of 
the various parameters is that so few details could be examined 
that a regression analysis of the results is not possible. A more 
extensive parametric study is necessary before a definitive 
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evaluation of the effects of various detail parameters on the 
fatigue strength of discontinuous backup bar details can be pre- 
sented.  However, a few preliminary observations of the effects of 
the above parameters on fatigue strength should be noted. 
Comparison of the analytical fatigue life estimates for 
Details 1 and 3 indicates that the backup bar orientation has a 
negligible effect on the fatigue strength of discontinuous backup 
bar details without tack welds. However, comparison of the life 
estimates for Details 2 and 4 shows that the fatigue life of a 
discontinuous backup bar with the tack weld in place is 20 percent 
greater for the vertical backup bar orientation (Detail 2) than 
for the horizontal (Detail 4). 
Comparison of the results of this investigation for 
Details 1 and 2 and Details 3 and 4 show that the addition of the 
tack weld increases the number of cycles required to develop a 
through crack on Crack Paths 1 and 2.  However, the fatigue life 
of the tack-welded details is governed by fatigue crack growth 
along Crack Path 3.  Therefore, the cycle life of the discontin- 
uous backup bar detail decreases by as much as 33 percent due to 
the addition of the tack weld.  Some caution is required with 
regard to the preceeding statement. As noted in Art. 5.1, the 
severity of fatigue crack growth along Crack Path 3 is attributed 
to the inadequacy of the fine mesh analysis and the less favorable 
assumed crack shape variation. Depending upon the degree of con- 
servativeness introduced by the first factor, it is conceivable 
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that the fatigue life of the detail may actually increase with the 
addition of the tack weld. Further study of fatigue crack growth 
along Crack Path 3 is required before the effects of tack weld 
placement can be stated with confidence. 
A backup bar is only necessary when the longitudinal groove 
weld is to be a full penetration weld. However, improper weld 
preparation may result in incomplete penetration of the web-to- 
flange weld.  Comparison of the fatigue life estimates for Details 
5 and 6 indicates that incomplete penetration of the web-to-flange 
weld may have a severe effect upon the fatigue strength of discon- 
tinuous backup bar details.  However, the effect of incomplete 
penetration of the web-to-flange weld may not be as severe as 
indicated by the fatigue life estimates due to the difficulty of 
the analysis of the tack weld region and due to the possibility of 
shear lag across the tack weld (Art. 5.1). 
c 
Although the derails with the lowest fatigue life estimates 
(Details 5 and 6) have the largest backup bars relative to the 
thicknesses of the web and flange, the other results of this inves- 
tigation are inconclusive with regard to the last detail parameter. 
Attempts to correlate the fatigue life estimates to the backup bar 
size by a variety of nondimensional parameters showed no clear 
relationship.  It is believed that this is because the limited 
number of details studied just is not sufficient to produce a clear 
trend. 
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6.  SUMMARY AND CONCLUSIONS 
Following a review of previous research, an analytical 
investigation of the fatigue strength of discontinuous backup 
bar details is presented. Seven discontinuous backup bar details 
(Fig. 3), representing typical details in service, were chosen for 
study.  The choice of details permits a preliminary evaluation of 
the qualitative effects of several parameters on the fatigue 
strength of discontinuous backup bar details. 
Analytical fatigue life estimates, based on the fracture 
\ 
mechanics approach to fatigue crack growth, are presented for all 
seven details.  Finite element analysis of stress concentration 
at the backup bar discontinuity and various approximations commonly 
used in the stress analysis of cracks provide the information 
required to determine the range of the stress intensity for succes- 
sive increments of fatigue crack growth.  Then, by numerical inte- 
gration of the fatigue crack growth rate equation (Eq. 4-1) the 
fatigue life is estimated for each detail under study. 
The estimated mean cycles to failure, N,., for all seven 
details are shown in Table 3. For a nominal stress range at the 
detail of 69 MPa (10 ksi), the fatigue life estimates range from 
0.11 million to 1.91 million cycles with a mean value of 1.15 
million cycles.  Comparison to the results of previous research 
(Fig. 30) shows good agreement with the exception of Detail 6 as 
explained in Art. 5.1        _AQ_ 
Neglecting the fatigue life estimate for Detail 6 due to 
its gross conservativeness, an approximation to the lower bound 
(95% confidence of 95% survival) fatigue strength of the details 
under study is shown in Fig. 31. The approximate lower bound 
fatigue strength for the details under study falls below the 
corresponding" AASHTO Category E detail design curve. This im- 
plies that discontinuous backup bar details are an even more 
severe fatigue problem than would be indicated by classification 
as an AASHTO Category E detail.  In light of these results the 
most prudent approach is that adopted by the AWS which prohibits 
13 the use of discontinuous backup bar details. 
Several observations on the qualitative effects of various 
detail parameters follow: 
a) Backup bar orientation has a negligible effect on the fatigue 
strength of the details under study which lack tack welds.  For the 
details with tack welds, the detail with a vertical backup bar 
orientation exhibited a 20% longer fatigue life than the detail 
with a horizontal backup bar orientation. 
b) The addition of a tack weld across the backup bar discon- 
tinuity decreases the fatigue life of the details studied by as 
much as 33 percent. 
c) Incomplete weld penetration has a serious, detrimental 
effect on the fatigue strength of the details under study. 
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d) The backup bar size relative to the thicknesses of the web 
and flange showed no clear effect on the fatigue strength of dis- 
continuous backup bar details. This is believed to be due to the 
limited number of details under study. 
Recommendations for further study include: 
a) Evaluation of the adequacy of the planar substructure used 
in the fine mesh analysis of stress concentration along Crack Path 
3.  This could best be accomplished by comparison of the results of 
i' _ 
fine mesh analyses based on planar and three-dimensional substruc- 
tures . 
b) Extensive experimental study of the fatigue strength of 
discontinuous backup bar details with particular attention to 
typical initial flaw sizes at the discontinuity, and the variation 
of crack shape including the effects of crack coalescence. 
c) Extensive analytical study of the effects of various de- 
tail parameters on the fatigue strength of discontinuous backup 
bar details. 
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NOMENCLATURE 
a = crack length in mm (inches) 
a = minor semidiameter of assumed elliptical crack shape 
in mm (inches) 
a.        = initial flaw size in mm (inches) 
af        = final flaw size in mm (inches) 
b = major semidiameter of assumed elliptical crack shape 
in mm (inches) 
b = width of backup bar in mm (inches) 
c = height of backup bar in mm (inches) 
d,e,f,g    = arbitrary parameters used to simplify Figs. 7 
through 13 and Figs. 17 through 21 (each is defined 
on the figure on which it is used) 
j = subscript defining increment of fatigue crack growth 
k =-*! _ (a/b)3 - argument of complete elliptic integral 
of the second kind, E(k) 
n = empirical constant serving as the exponent in the 
fatigue crack growth rate equation (Eq. 4-1) 
w = weld leg size for manual tack weld 
y = distance from fatigue crack, origin to a point on the 
assumed crack path 
v
'»y-ti.i    = points on the assumed crack path defining the incre- 
ment of fatigue crack growth 
C = empirical coefficient in the fatigue crack growth rate 
equation (Eq. 4-1) 
-52- 
E(k)       «= complete elliptic integral of the second kind 
F = crack shape correction factor for AK 
e 
F -  stress gradient correction factor for AK 
© 
F = plastic zone size correction factor for AK 
P 
F = front free surface correction factor for AK 
s 
F = back free surface correction factor for AK 
w 
K = average stress concentration over the increment of 
fatigue crack growth, Aa. 
K = stress concentration as a continuous function of 
the distance from the crack origin, y 
L = length of welded attachment in the direction of 
primary stress 
N-        = cycles to failure 
N ,    ,    = cycles required to develop a through crack 
S = nominal stress range 
da/dN      = fatigue crack growth rate in mm/cycle (inches/cycle) 
SCF        = maximum stress concentration factor in a detail 
Aa.       = increment of fatigue crack growth bounded by points 
y. and y^1 
AK        = range of the stress intensity in MPa/mm (ksi/*in.) 
Ac ,Aa, ,ACT = arbitrary stress fields used to illustrate the 
a  b  c 
determination of AK by superposition of alternate 
load cases in Fig. 27 
cr -  uniform unit longitudinal stress applied to discre- 
tizations for the gross mesh analysis of the details 
under study (Fig. 14) 
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cp = angle from the major semidiameter of the assumed 
elliptical crack shape to the point of interest 
© = weld toe angle 
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TABLES 
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TABLE 1 AASHTO DETAIL CATEGORIES FOR SELECTED DETAILS 
GENERAL 
CONDITION SITUATION 
DETAIL 
CATEGORY 
Plain Base metal with rolled or cleaned 
surfaces. Flame-cut edges with 
ASA smoothness of 1000 or less. 
Built-up Base and weld metal in members with- 
out attachments.- Built up of 
plates or shapes connected by 
continuous groove or fillet 
welds parallel to the direction 
of the applied stress. 
Calculated flexural stress at toe of 
transverse stiffener welds on 
girder webs of flanges. 
Base metal at end of partial-length 
of welded cover plates having 
square or tapered ends, w^th or 
without welds across the ends. 
B 
Groove 
Welds 
Base metal at details attached by 
groove welds subject to trans- 
verse and/or longitudinal 
loading when the detail length, 
L, parellel to the line of 
Stress is between 2 in. and 
12 times the plate thickness 
but less than 4 in. 
As above except L is greater than 
12 times the plate thickness 
or greater than 4 in. long. 
D 
E 
Fillet 
Welds 
Base metal adjacent to fillet-welded 
attachments with length,L, 
in direction of stress less than 
2 in. 
As above, except L is greater than 
2 in. but less than 12 times the 
plate thickness or less than 
4 in. 
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TABLE 1  (CONTINUED) 
GENERAL 
CONDITION SITUATION 
DETAIL 
CATEGORY 
As above, except L is greater than 
12 times the plate thickness 
or greater than 4 in. 
"IE 
Methanically 
Fastened 
Connections 
Base metal at gross section of 
high-strength bolted slip- 
resistant connections, or 
at net section of high- 
strength bolted bearing- 
type connections 
B 
Fillet Welds Shear stress on throat of fillet 
welds 
F 
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TABLE 2  SUMMARY OF RESULTS OF FINITE ELEMENT ANALYSIS OF 
STRESS CONCENTRATION 
Detail Location SCF 
(Gross Mesh) 
SCF 
(Fine Mesh) 
1 1 
2 
2.03 
1.65 
4.00 
3.33 
2 1 
2 
3 
1.88 
1.68 
2.28 
3.61 
2.87 
4.21 
3 1 
2 
2.00 
1.74 
3.98 
3.58 
4 1 
2 
3 
1.75 
1.53 
2.09 
3.40 
2.93 
3.74 
5 1 
2 
3 
2.19 
2.00 
2.94 
4.75 
4.53 
5.51 
6 3 7.22 13.25 
7 1 
2 
3 
1.34 
,  1.42 
1.61 
2.59 
2.64 
2.85 
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TABLE 3  SUMMARY OF FATIGUE LIFE ESTIMATES 
Detail Crack Path N      * through Nf* 
1 1 
2 
1.51 
2.46 
1.51 
2 1 
2 
3 
1.88 
3.42 
1.24 1.24 
3 1 
2 
1.54 
2.07 
1.54 
4 1 
2 
3 
2.24 
3.32 
1.03 1.03 
5 1 
2 
3 
1.15 
1.19 
0.72 0.72 
6 3 0.11 0.11 
7 1 
2 
3 
5.40 
4.32 
1.91 1.91 
*A11 fatigue life estimates are expressed in millions of cycles 
based on a nominal stress range, Sr, of 69 MPa (10 ksi). 
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(a) Plan 
(b) Detail A-A 
Fig. 4 Coverplate without Transverse End Weld 
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Fig. 6 Symmetry of Backup Bar Detail about the Plane Containing 
the Backup Bar Discontinuity 
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Fig. 7 Discretization for Gross Mesh Analysis of Detail 1 
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/ \ 44 (c) Upper Front Right Isometric (Drawn by SAPCHEK ) 
Fig. 7  (Continued) 
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44 (c) Upper Front Right Isometric (Drawn by SAPCHEK) 
Fig. 8  (Continued) 
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44 (c) Upper Front Right Isometric (Drawn by SAPCHEK ) 
Fig. 9  (Continued) 
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Fig. 10 Discretization for Gross Mesh Analysis of Detail 4 
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Fig. 11  (Continued) 
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44 (c) Upper Front Right Isometric (Drawn by SAPCHEK) 
Fig. 12  (Continued) 
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(c) Upper Front Right Isometric (Drawn by SAPCHEK*4) 
Fig. 13  (Continued) 
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Path 1 for Details 1 through 4 
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Fig. 19 Fine Mesh Analysis of Stress Concentration along Crack 
Paths 2 and 3 for Details 1 through 4 
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